The present study aimed to examine the relationship between mammalian target of rapamycin (mTOR) and glucose transporter 3 (Glut3) in the process of mTOR-mediated oncogenic glycolysis and tumorigenesis. Western blot analysis and quantitative polymerase chain reaction were used to compare the expression of Glut3 in mouse embryonic fibroblasts (MEFs) null for tuberous sclerosis complex 2 (Tsc2 -/-) and control Tsc2 +/+ MEFs. In addition, the glycolytic rate was tested following siRNA-mediated knockdown of Glut3 in Tsc2 -/cells. To determine whether Glut3 depletion affects the ability of cells to form tumors in vivo. Tsc2 -/-MEFs infected shGlut3 and shControl were injected into nude mice subcutaneously. The present study demonstrated that the expression of Glut3 is controlled by mTOR in Tsc2 -/cells and that downregulation of Glut3 reduced the glycolytic rate in Tsc2 -/cells. cells. Further studies in nude mice demonstrated that reduced Glut3 expression levels reduced the tumorigenetic effect in cells with hyperactive mTOR complex 1 (mTORC1). The present study indicates for the first time that Glut3 is a downstream target of mTORC1 and that Glut3 is critical in mTORC1-associated tumorigenesis. Therefore, Glut3 is a potential target for the treatment of diseases associated with dysregulated mTORC1 signaling.
Introduction
The process of glycolysis provides the majority of the energy required by cancer cells, however it is an inefficient process for energy production. To offset this disadvantage, the glycolytic rate in tumor cells is 100x higher than that in normal cells, and glucose uptake into tumor cells is also accelerated (1) . A family of glucose transporters (Gluts) facilitates glucose movement across the plasma membranes in a tissue-specific manner, and 14 different Glut isoforms have been characterized at present (2) . Glut3 is an effective glucose transporter, previous studies have demonstrated that Glut3 is upregulated in certain types of malignancy and that it is associated with poor prognosis (3, 4) . Downregulation of Glut3 reduces the glucose consumption of the cell and therefore cell growth rate (5) . However, the underlying mechanisms that lead to the upregulation of Glut3 in tumor cells remain unclear.
Mammalian target of rapamycin (mTOR) serves a critical function in the carcinogenic phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mTOR signaling pathway (6) . In mammalian cells, mTOR partners with different proteins to form two functionally distinct complexes, mTOR complex 1 (mTORC1) and mTORC2. mTORC1 is rapamycin-sensitive and activated by the PI3K/AKT pathway, whereas mTORC2 is not sensitive to rapamycin. Previous studies have demonstrated the critical role of mTORC1 in glycolysis during tumorigenesis, however, as with Glut3, the underlying mechanism remains unclear (7, 8) .
The aim of the present study was to assess the association between Glut3 and mTORC1, including observation of glycolytic rate in mouse embryonic fibroblasts (MEFs) and tumor growth in nude mice. 
Materials and methods

Reagents
Glucose transporter 3 performs a critical role in mTOR-mediated oncogenic glycolysis and tumorigenesis
anti-human; dilution 1:400) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).
Cell cultures. All mouse embryonic fibroblasts (MEFs) used in the study were purchased from Clontech Laboratories, Inc. (Mountainview, CA, USA). HEK293T cells were obtained from the American Type Culture Collection (Manassas, VA, USA). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Maixin Bio, Fujian, China) with 10% fetal bovine serum and 1% penicillin/streptomycin (purchased from Maixin Bio) in 5% CO 2 at 37˚C.
Plasmid construction, lentiviral transfection and transduction. pLL3.7-GFP plasmids were digested with XhoI and HpaI restriction enzymes (Takara Biotechnology Co., Ltd., Dalian, China) followed by insertion of annealed oligonucleotides using T7 DNA Ligase (MCLAB, San Francisco, CA, USA). The sequences of the oligonucleotides were as follows: Glut3 1 , F 5'-TCA ACA GGA ATC TTC AAG GAT TCA AGA GAT CCT TGA AGA TTC CTG TTG TTT TTTC-3', and R 5'-TCG AGA AAA AAC AAC AGG AAT CTT CAA GGA TCT CTT GAA TCC TTG AAG ATT CCT GTT GA-3'; Glut3 2 , F 5'-TGG AGG AAG ACC AAG CTA CAT TCA AGA GAT GTA GCT TGG TCT TCC TCC TTT TTTC-3' and R 5'-TCG AGA AAA AAG GAG GAA GAC CAA GCT ACA TCT CTT GAA TGT AGC TTG GTC TTC CTC CA-3'; control, F 5'-TGT ACT GCA GCC ACA TTC TCT TCA AGA GAG AGA ATG TGG CTG CAG TAC TTT TTT C-3' and R 5'-TCG AGA AAA AAG TAC TGC AGC CAC ATT CTC TCT CTT GAA GAG AAT GTG GCT GCA GTA CA-3'. The HEK293T cells were transfected with the pLL3.7-GFP vector containing either of these sequences together with the packaging vectors (pVSVG, pREV and pMDL, purchased from Shanghai GenePharma Co., Ltd.; Shanghai, China). Culture supernatants were collected after 48-and 72-h transfection and then used to infect Tsc2 -/-MEFs.
Reverse transcription-polymerase chain reaction (RT-PCR)
and RT-quantitative (q)PCR. After extracting from the cells with Trizol solution (Invitrogen Life Technologies) and purifying using the RNAeasy Maxi Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions, 1 µg mRNA for each sample was used for reverse transcription with Omniscript RT kit (Qiagen). RT-PCR and qPCR were performed according to the manufacturer's protocol. RT-PCR analysis of Glut3 with β-actin as a control was conducted using the following primers: Glut3, F 5'-ATG GGG ACA ACG AAG GTG ACC CAT CTC TG-3' and R 5'-TGA GCT ACC AGA ATC CAA CAA CG-3'; β-actin, F 5'-ATG GAT GAC GAT ATC GCT GCG C-3' and R 5'-GCA GCA CAG GGT GCT CCT CA-3'. For RT-qPCR, the primer sequences were as follows: Glut3, F 5'-TGG TAG CTC AGA TCT TTG GTT TGG-3' and R 5'-GAT CTC TGT AGC TTG GTC TTC CTC-3'; β-actin, F 5'-AGA GGG AAA TCG TGC GTG AC-3' and R 5'-CAA TAG TGA TGA CCT GGC CGT-3'. qRT-PCR was performed and analyzed using the ABI PRISM 7000 Fluorescent Quantitative PCR System (Applied Biosystems Life Technologies, Foster City, CA, USA). A total reaction volume of 20 µl was used, consisting of 1 µl of cDNA template synthesized previously, 10 µl SYBR Green master mix (Invitrogen Life Technologies), 1 µl of each primer (F and R primer) and RNase-free water. Cycling parameters were set as 95˚C for 2 min, followed by 40 cycles of 95˚C (15 sec), 55˚C (30 sec), and 72˚C (40 sec).
Western blot analysis. Western blot analysis of protein expression was performed using a NE-PER Nuclear and Cytoplasmic Extraction Reagent kit (Pierce Biotechnology, Inc., Rockford, IL, USA) according to the manufacturer's instructions. The cells were lysed in lysis buffer (2% sodium dodecyl sulfate, 10% glycerol, 10 mM Tris, pH 6.8, 100 mM dithiothreito; purchased from Maixin Bio), boiled for 10 min, and subsequently subjected to immunoblotting with the following steps: Proteins (15 µl) were loaded onto a 10% SDS gel, and were separated at 160 V for 70 min. Proteins were then transferred onto a PVDF membrane. The membranes were blocked with 5% non-fat milk in Tris-buffered saline and Tween 20 (TTBS) solution for 1 h at RT with agitation, and subsequently rinsed with TTBS solution twice. Membranes were incubated with primary antibodies overnight at room temperature, and subsequently incubated with 2 µl anti-mouse lgG secondary antibody for 1 h at room temperature with agitation. Membranes were developed with enhanced chemiluminescence reagents, and exposed to high sensitivity X-ray films in the dark. Analyses of the western blot results were subsequently performed using the Quantity One software, version 4.62 (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Protein sample preparation, electrophoresis, transfer, blocking, primary antibody incubation, secondary antibody incubation and then detection of proteins. Analyses of the western blot results were subsequently performed using the Quantity One software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
RNA interference. Tsc2 -/-MEFs cells were seeded at a density of 5x10 5 /ml in DMEM in 12-well plates and were transfected with siRNAs using Lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions. All the siRNA oligonucleotides were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). siRNA targeted sequences were as follows: mTOR, 5'-GAA CTC GCT GAT CCA GAT G-3'; Raptor, 5'-GGA CAA CGG TCA CAA GTA C-3'; Rictor, 5'-GCC CTA CAG CCT TCA TTT A-3'; p65, 5'-GGA CCT ATG AGA CCT TCA A-3'; and negative control, 5'-TTC TCC GAA CGT GTC ACG T-3'.
Measurements of glucose consumption and lactate production.
The Tsc2 -/cells expressing shControl and shGlut3 were seeded at a density of 1x10 6 /ml. in DMEM in culture dishes and cultured for 8 h. The culture medium was replaced with fresh medium and cells were incubated for an additional 16 h. Subsequently, the culture medium was collected and used to determine the glucose and lactate concentration using a Glucose Assay kit and a Lactate Assay kit (Eton Bioscience, Inc., San Diego, CA, USA).
Induction of subcutaneous tumors in nude mice. Immunodeficient nude male mice (n=22, BALB/c, 6-week-old; weight, 18-20 g) were maintained and used in strict accordance with the guidelines of the Animal Center of Anhui Medical University (Anhui, China). Six male mice were used in each cohort. Tumor growth and mouse survival were assessed over 1-2-month periods following subcutaneous inoculation of 1x10 6 cells (Tsc2 -/-MEFs infected with shGlut31 or shControl) in 0.2 ml DMEM into the right posterior back region. Following inoculation, the mice were examined at least twice weekly for tumor development by palpation. Survival was determined by the requirement for euthanasia due to a tumor size >1,000 mm 3 , ulceration of the tumor or weight loss of >10%. All animal protocols were approved by the Center for Animal Resources and Comparative Medicine of Anhui Medical University, and were compliant with the university guidelines on the care of experimental animals. 
Results
TSC2/mTOR promote the expression of Glut3. Tuberous sclerosis complex is caused by mutations in TSC1 or TSC2 genes. In the PI3K/AKT/TSC1/TSC2/mTOR signaling pathway, the TSC1/TSC2 protein complex is the key negative regulator of mTOR. Mutations that result in inactive TSC1 or TSC2 will result in the hyperactivation of mTOR and this is considered to be the main reason for tumor formation in TSC. Therefore, A B 
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TSC1-or TSC2-deficient MEFs are appropriate models for the study of mTOR-associated diseases (9,10). Glut-mediated glucose uptake is a rate-limiting step for glycolysis in mammalian cells, and the present study hypothesized that Glut3 is upregulated to compensate for the elevated glucose consumption in mTOR-activated cells. In the present study, p-S6 (an indicator of mTOR activity) was significantly increased in Tsc2 -/-MEFs compared with Tsc2 +/+ MEFs (Fig. 1A) . RT-qPCR analysis also demonstrated that Glut3 expression was increased in Tsc2 -/-MEFs (P<0.001 vs. Tsc2 -/cells; Fig. 1A ). To further verify the association between the TSC1/TSC2 complex and Glut3, wild-type human TSC2 was introduced into the Tsc2 -/-MEFs. Ectopic expression of TSC2 in Tsc2 -/-MEFs downregulated the level of p-S6 and reduced the expression of Glut3 (Fig. 1B) . Taken together, these results demonstrate that the TSC1/TSC2 complex is a negative regulator of Glut3, the expression of Glut3 is associated with mTOR activity and that the PI3K/AKT/TSC1/TSC2/mTOR signaling cascade positively regulates Glut3 expression.
mTORC1 promotes Glut3 expression. In mammalian cells, mTOR is combined with various partners to form two complexes, mTORC1 and mTORC2. mTORC1 is activated by the PI3K/AKT pathway (10) . To examine which of these complexes is associated with elevated levels of Glut3, the effect of a mTORC1-specific inhibitor (rapamycin) on Glut3 expression was investigated in the present study. p-S6 and Glut3 expression levels were markedly reduced in Tsc2 -/-MEFs following treatment with rapamycin ( Fig. 2A) . In order to further demonstrate the effect of mTORC1 on Glut3, the expression levels of Glut3 following knockdown of mTOR, Raptor (a specific component of mTORC1) or Rictor (a specific component of mTORC2) were assessed. The results demonstrated that Glut3 expression levels were significantly reduced in cells transfected with mTOR and Raptor siRNAs compared with the control siRNA-transfected cells; whereas the levels in cells treated with Rictor siRNA were not significantly altered ( Fig. 2B and C) . The results indicate that mTORC1, but not mTORC2, regulates the expression of Glut3. Therefore, Glut3 may be a potential target for the treatment of tumors that exhibit anomalous mTORC1 signaling. Oncogenic glycolysis is suppressed following depletion of Glut3. Aberrantly activated mTOR signaling is considered to be the main reason for tumor formation in Tsc2 -/-MEFs (10, 11) . Therefore, Tsc2 -/-MEFs were used to examine the effect of Glut3 expression in hyperactive mTOR-mediated glycolysis. Two different shRNAs for Glut3 (shGlut3 1 and shGlut3 2 ) were utilized to reduce the Glut3 expression level in Tsc2 -/-MEFs. RT-PCR and RT-qPCR analysis demonstrated that the expression levels of Glut3 were significantly reduced in the Tsc2 -/-MEFs following shGlut3 1 or shGlut3 2 treatment, with shGlut3 1 appearing to be more effective (Fig. 3A) . Reduced Glut3 expression resulted in a marked reduction in glucose consumption and lactate production in Tsc2 -/-MEFs cells (Fig. 3B) . The present study demonstrated that Glut3 is important in mTOR-mediated glycolysis. These results indicate that Glut3 is critical for glycolysis in cells with aberrantly activated mTOR signaling.
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Tumorigenic ability of Tsc2 -/-MEFs is suppressed following depletion of Glut3. To determine whether Glut3 depletion affects the ability of cells to form tumors in vivo, Tsc2 -/-MEFs expressing shGlut3 1 or shControl were injected into nude mice subcutaneously. Tsc2 -/-MEFs expressing shGlut3 1 exhibited substantially reduced tumorigenic and lethal capacity compared with the control cells ( Fig. 4) . These results indicate that Glut3 is critical for mTOR-mediated tumor growth in nude mice.
Discussion
Previously, glucose intermediary metabolism was considered to be a housekeeping function. However, the role of aerobic glycolysis in tumorigenesis, referred to as the 'Warburg effect', is currently of note in the field of cancer research. Warburg hypothesized that irreversible mitochondrial dysfunction is responsible for the metabolic shift to aerobic glycolysis, which results in transformation of the cells (12, 13) . There has been a considerable resurgence of interest in the role of aerobic glycolysis in cancer. At present, research has shifted from mitochondrial dysfunction to the increased glucose uptake by cancerous cells and the demonstration of the causative effects is the primary objective. mTOR is important in a multitude of cellular processes, including cell growth and protein translation (6, 14) . A number of previous studies have investigated the nutrient regulation of mTORC1, and have indicated that mTORC1 exerts a vital influence on glucose metabolism (7, 15) . Several glycolytic enzymes, including pyruvate kinase isoenzyme type M2, hexokinase 2 and lactate dehydrogenase B, have been identified as downstream targets of PI3K/AKT/mTORC1 signaling, which has been reported to promote tumor development by accelerating glycolysis (16, 17) .
Tuberous sclerosis is an autosomal dominant tumor suppressor gene syndrome that results from inactivation mutations in TSC1 or TSC2 (18) . Mice have previously been generated that are null for the Tsc1 and Tsc2 alleles (19) . A previous study in cultured murine cells lacking Tsc1 and 2 demonstrated that there is constitutive high-level phosphorylation of S6K and 4E-BP1, which is rapidly reversed by rapamycin treatment, identifying mTORC1 as a negative target of Tsc1 and Tsc2 (19) . Another previous study in Drosophila also indicated that Tsc1 and Tsc2 acted in pathways associated with mTOR (20) , including the PI3K/AKT/mTOR signaling pathway.
In the present study, by analyzing cells with hyperactive mTOR signaling resulting from the deletion of TSC2, it was demonstrated that the TSC1/TSC2/mTORC1 signaling pathway is important in glycolysis and tumorigenesis through the upregulation of Glut3 expression.
The present study provides novel evidence that Glut3 is a downstream effector of mTORC1 that is critical in mTOR-mediated tumorigenesis. Under physiological conditions, Glut3 is expressed predominantly in the brain tissue (2) . The abnormal overexpression of Glut3 has been detected in numerous types of cancer, including breast, oral, lung, colon and bladder cancer, however, the underlying mechanism remains unclear (3) (4) (5) 21) . Given that mTORC1 signaling is also frequently activated in cancer, one hypothesis is that hyperactivated mTORC1 signaling may be responsible for the elevated Glut3 in these types of cancer. The results of the present study support this hypothesis (Fig. 2) . Therefore, the mTORC1-specific inhibitor rapamycin could be used to treat those types of cancer that express aberrantly activated Glut3.
Cells that exhibit abnormal mTORC1 signaling are more susceptible to glucose withdrawal compared with normal cells (22) . Elevated Glut3 due to the activation of mTORC1 may therefore contribute to maintaining transport of glucose at a high rate to ensure tumor cell survival and proliferation. The key role of Glut3 in glucose metabolism and tumor growth has been characterized in certain human cancer cell lines (23) (24) (25) . In accordance with these previous studies, the present study shows that the increased expression of Glut3 is responsible for accelerated glucose consumption, lactate production and tumorigenesis driven by aberrantly activated mTORC1 signaling in MEFs ( Figs. 3 and 4 ). The present study indicated a novel molecular link between mTORC1 activation and enhanced glycolysis and tumorigenesis. Thus, Glut3 may be a potential therapeutic target for tumors characterized by increased glycolysis resulting from hyperactive mTORC1 signaling.
To the best of our knowledge, the present study is the first to demonstrate that mTORC1 signaling positively regulates the expression of Glut3, and that the attenuation of Glut3 inhibits oncogenic mTOR-mediated glycolysis and tumorigenesis. However, the underlying mechanism was not examined and future studies should assess whether mTOR regulates Glut3 via NFκB, p53 or any other downstream targets of mTOR. In conclusion, the findings of the present study may aid in the explanation of the increased glycolysis observed in tumors with aberrant mTORC1 activity, and provides novel insight into the regulation of Glut3. This may lead to novel diagnostic and therapeutic approaches for those types of cancer that exhibit dysregulated mTORC1 signaling.
